Biochar amendment to soil has been proposed as a strategy for sequestering carbon, mitigating climate change and 9 enhancing crop productivity, but few studies have demonstrated the effects of different feedstock-derived biochars on the 10 various gaseous nitrogen emissions (GNEs, N 2 O, NO and NH 3 ) across the typical vegetable soils in China. A greenhouse 11 pot experiment with five consecutive vegetable crops was conducted to investigate the effects of two contrasting biochar, 12 namely, wheat straw biochar (Bw) and swine manure biochar (Bm) on GNEs, vegetable yield and gaseous nitrogen 13 intensity (GNI) in four typical vegetable soils from the main vegetable production regions (Hunan province (HN), Shanxi 14 province (SX), Shandong province (SD) and Heilongjiang province (HLJ)) that are representative of the intensive 15 vegetable ecosystems across mainland China. Results showed that remarkable GNE mitigation induced by biochar 16 occurred in SX and HLJ soils, whereas enhancement of yield occurred in SD and HLJ soils. Additionally, both 17 biochars decreased GNI, with Bw mitigated N 2 O and NO emissions by 21.8-59.1 % and 37.0-49.5 % (except for SD), 18 respectively, while Bm improved yield by 4.0-30.5 % (except for HN). Since the biochar's effects on the GNEs and 19 vegetable yield strongly depended on the attributes of the soil and biochar, both soil type and biochar characteristics 20 should be seriously considered before conducting large-scale application of biochar in order to achieve the maximum 21 benefits under intensive greenhouse vegetable agriculture.
2

Introduction 25
Agriculture accounted for an estimated emission of 4.1 (1.7-4.8) Tg N yr −1 for N 2 O and 3.7 Tg N yr −1 for NO, 26
contributing 60 % and 10 %, respectively, to the total global anthropogenic emissions, largely due to increases of N 27 fertilizer application in cropland (Ciais, 2013) . The concentration of atmospheric N 2 O, a powerful, long-lived, 28 greenhouse gas, has increased from 270 parts per billion by volume (ppbv) in the pre-industrial era to ~ 324 ppbv (Ussiri 29 and Lal, 2013); it has 298 times the global warming potential (GWP) of CO 2 on a 100-year horizon (IPCC, 2013) and 30 also causes depletion of the ozone layer in the atmosphere (Ravishankara et al., 2009). In contrast, NO x , which is mainly 31 emitted as nitric oxide (NO), does not directly affect the earth's radiative balance but catalyzes the production of 32 tropospheric ozone (O 3 ), which is a greenhouse gas associated with detrimental effects on human health (Anenberg et In China, vegetable production devotes an area of approximately 24.7 × 10 6 ha, equivalent to 12.4% of the total 43 available cropping area, and the production represented 52 % of the world vegetable production in 2012 (FAO, 2015) . equal amounts of water and no precipitation. Detailed information on the pot management practices is provided in Table  116 S2. 117
Each pot consists of a 30 cm × 30 cm (height × diameter) cylinder made of polyvinyl chloride (PVC). The top of 118 each pot was surrounded by a special water-filled trough collar, which allowed a chamber to sit on the pot and prevent 119 gas exchange during the gas-sampling period. Small holes (diameter of 1 cm) at the bottom of the pots were designed for 120 drainage. To prevent soil loss, a fine nylon mesh (< 0.5 mm) was attached to the base of the soil cores before packing. 121
Measurement of N 2 O, NO and NH 3 122
The NO and N 2 O fluxes were measured simultaneously from each vegetable cultivation using a static opaque 123 width × height) was temporarily mounted on the pot for gas flux measurement. The chamber was coated with sponge and 125 aluminum foil outside to prevent solar radiation heating the chamber. Gas samples for flux measurements were collected 126 between 8 and 10 a.m. on each measuring day to minimize the influence of diurnal temperature variation. Gas fluxes 127 were usually measured once a week and every other day for one week following fertilizer application. To measure the 128 N 2 O flux, four samples were collected from the headspace chamber using 20 ml polypropylene syringes at 0, 10, 20, and 129 30 min after chamber closure. The gas concentrations in the samples were analyzed within 12 h after sampling using an 130 Agilent 7890A gas chromatograph equipped with an electron capture detector (ECD) for N 2 O detection. The carrier gas 131 was argon-methane (50 %) at a flow rate of 40 ml min −1 . The column and ECD temperatures were maintained at 40 and 132 300 °C, respectively. The gas chromatography configurations described by Wang et al. (2013) were adopted for the gas 133 concentration analysis. N 2 O flux was calculated using the linear increases in gas concentration with time. Sample sets 134 were rejected unless they yielded a linear regression value of R 2 > 0.90. 135 
Auxiliary measurements 155
Simultaneously with the determination of trace gas fluxes, the air temperature and the soil temperature at a depth of 156 5 cm were measured using thermally sensitive probes at each sampling date. Soil water content was also measured using 157 a portable water detector (Mode TZS-1K, Zhejiang Top Instrument Corporation Ltd., China) by the frequency domain 158 reflectometer method at a depth of 5 cm. Measured soil water contents (v/v) were converted to water filled pore space 159 (WFPS) with the following equation: 160 WFPS = volumetric water content (cm 3 cm −3 ) / total soil porosity (cm 3 cm −3 ) (1) 161
Here, total soil porosity = [1 (soil bulk density (g cm −3 ) / 2.65)] with an assumed soil particle density of 2.65 (g cm −3 ). 162
The total soil bulk density was determined with the cutting ring method according to Lu (2000) . 163
After each vegetable crop reached physiological maturity, the fresh vegetable yield was measured by weighing the 164 whole aboveground and belowground biomass in each pot. 165
After the one-year pot experiment, a soil sample from each pot was blended carefully. One subsample was stored at 168 4 °C for determination of microbial biomass carbon (MBC), potential nitrification rate (PNR) and denitrification enzyme 169 activity (DEA) within 3 days. Another subsample was air-dried for analysis of SOC, TN, pH and EC. MBC was 170 determined by substrate-induced respiration using a gas chromatography (Anderson and Domsch 1978) . PNR was 171 measured using the chlorate inhibition soil-slurry method as previously described (Kurola et al., 2005) with 172 modifications (Hu et al., 2016). DEA was quantified as described by Smith and Tiedje (1979 Multiple comparisons among the treatments were further explained using Tukey's HSD test. Significant differences were 178 considered at P < 0.05. All statistical analyses were performed using JMP ver. 7.0 (SAS Institute, Cary, NC, USA, 2007). 179
Pearson's correlation analysis was used to determine whether there were significant interrelationships between N 2 O/NO 180 and PNR or DEA in each soil, using SPSS window version 18.0 (SPSS Inc., Chicago, USA). 181 182
Results 183
Soil responses to biochar amendment 184
Obvious differences in all observed soil properties existed among soil types (Table 1, respectively, while producing no influence in SD soils (Fig. 1b) . In comparison with Bw, remarkable enhancements were 199 observed by 42.5 and 74.4 % with Bm amendment in HN and SX soils, respectively (p < 0.05). 200
Seasonal variations of N 2 O and NO emissions 201
The dynamics of N 2 O fluxes from all N-applied treatments in the four vegetable soils were relatively consistent and 202 followed a sporadic and pulse-like pattern that was accompanied with fertilization, tillage and irrigation (Fig. 2) . In due to lower N application rate (Table S2) , soil temperature and water content (Fig. S2) (Fig. 2b and d) . 209
Clearly, the NO fluxes demonstrated similar seasonal dynamics to the N 2 O fluxes (Fig. 3) . Some relatively high 210 peak NO fluxes were still observed in the Spinach and Coriander herb planting seasons even though relatively low 211 temperatures occurred during these periods, primarily due to lower soil moisture which was suitable for NO production. 212
The NO fluxes ranged from -44.6 to 377.6 μg N m −2 h −1 across all soil types. Furthermore, some NO peaks were 213 significantly weakened with the Bw and Bm in the HN soil (Fig. 3a) . 214
Cumulative N 2 O, NO and NH 3 emissions 215
Cumulative N 2 O emissions varied greatly among soil types (Table 2, p < 0.001), from 1.97 to 31.56 kg N ha −1 across 216 all the soils during the vegetable cultivation period (Table 3a) . Biochar amendments had significant influences on the 217 cumulative N 2 O emissions, reducing N 2 O emissions by 13.7-41.6 % ( Table 2) (Table 3b ). Though pronounced effects on NO emissions with a reduction by average of 45.8 % (Table 2, p < 0.05 ), 224 biochar amendments had no consensus effects across soils, reducing NO emissions in HN soil (Table 3b , p < 0.05) and 225 producing no remarkable influence on SD soil, which suggested significant interactions between biochar and soil types 226 (Table 2 , p < 0.001). Compared with Bm, Bw amendment significantly reduced NO emissions in SX and HLJ soils 227 (Table 3b , p < 0.05). As shown in Table 4 , N 2 O emissions had positive relationships with DEA both in SX and HLJ soils, 228 and were affected positively by PNR in HN soil. Additionally, NO emissions had positive correlations with both PNR 229 and DEA in SX soil. However, neither N 2 O nor NO emissions were influenced significantly by PNR and DEA in SD 230
soils. 231
As is shown in emissions in N+Bm to be higher than those in the N+Bw treatment, although this difference was not remarkable within 235 each soil. Additionally, stimulation effects were consistently present after the first fertilization event in each type of soil 236 (Fig. 4) . 237
Vegetable yield and gaseous N emissions intensity during the five-vegetable crop rotation 238
The vegetable yields for the five consecutive vegetable crops are presented in Table 3e . Pronounced differences 239 existed among all soils (Table 2, p < 0.001). Biochar amendments exerted no significant effects on vegetable yield (Table  240 2). Compared with the N treatment, biochar amendments were prone to increase vegetable yield in SD and HLJ soils 241 against HN and SX soils (Tables 3e), denoting pronounced interactions between soil and biochar (Table 2, p < 0.05). 242
Compared with Bm, Bw amendment lowed total yield over all the soils (Table 3e) , significantly in HN and SD soils (p < 243 Table 3f presents the GNI during the whole experiment period, with a pronounced variation among soils (Table 2, p 245 < 0.001). The GNI was greatly affected by biochar amendment during the whole experiment period (Table 2, p < 0.01). 246
0.05). 244
Compared to N treatment, biochar amendments reduced the GNI by 4.3-27.8 % across all soils, significantly in SX and 247 HLJ soils (Table 3f , p < 0.05). Moreover, there were no remarkable differences between Bw and Bm throughout all soils. 248 249
Discussion 250
Biochar effects on GNEs across different soil types 251
The effects of biochar amendment on the N 2 O and NO emissions may be positive, negative or neutral, largely 252 (Wang et al., 2015a) . Therefore, the underlying mechanism of how biochar affect those processes needs to 266 be illustrated in the further research. 267
On the other hand, different biochars may not produce universal influences on N 2 O emissions for the same soil due 268 to the distinct properties of the biochar (Spokas and Reicosky, 2009 ). In the current study, overall, in comparison with 269 Bm, the Bw amendment had more effective mitigation effects on N 2 O and NO emissions (Table 3a , b), largely due to the 270 following reasons. First, compared with Bw, the contents of the TN and DOC in Bm were 1.8-and 1.4-fold (Table S1) , 271
respectively, which might supply extra N or C source for heterotrophic nitrification in the acidic HN soil, which made 272
Bm ineffective for reducing the N 2 O emissions (Table 3a) . This result was in accordance with Li et al. (2015a), who 273 observed that biochar amendment had no significant influence on the cumulative N 2 O emissions, and even higher N 2 O 274 emissions occurred when biochar was input. Additionally, as shown in Fig.1 , Bm was more prone to stimulate PNR and 275 DEA, thus displaying lower mitigation ability than Bw. Second, compared with Bm, the C/N ratio was approximately 276 twofold in Bw (Table S1 ), presumably leading to more inorganic nitrogen being immobilized in biochar with a higher 277 C/N ratio (Ameloot et al., 2015) , decreasing the available N for microorganisms. Last, as presented in Fig. S3 and Table  278 S1, Bw had more pores and surface area, having a better advantage over Bm in absorbing NO accordingly. Others have 279 found that the lower mitigation capacity of high-N biochars (e.g., manures or biosolids) is probably due to the increased 280 Intensive managed soils receiving fertilizer such as urea or anhydrous NH 3 and ruminant urine patches are potential 285 hot spots for NH 3 formation, where the use of biochar is expected to retain NH 3 -N in the soil system (Clough and 286
Condron, 2010). Actually, the effects of biochar amendments on NH 3 volatilization largely depend on soil characteristics, 287 biochar types and duration time. Soil texture is an important factor impacting NH 3 transfer and release. More clay 288 contents were present in the SX soil (Table S1 ), which was limited in large soil pores, thus, the addition of porous 289 biochar could enhance the soil aeration, promoting NH 3 volatilization (Sun et al., 2014) . Additionally, it was worthy to 290 note that cumulative NH 3 emissions were slightly higher in soils with the Bm than those with the Bw amendment (Fig. 4  291 and Table 3c) and that difference could presumably be attributed to less surface area and the much higher pH of Bm ( 
Biochar effects on vegetable yield and GNI across different soil types 300
The application of biochar is usually intended to increase crop yields, and evidence suggests this may be successful 301 Additionally, the mixed performance of biochars as an amendment is related to the wide diversity of 311 physicochemical characteristics that translates into variable reactions in soil (Novak et al., 2014). First, compared to Bw, 312 more DOC content was in the Bm (Table S1) , through which more nutrients may be directly introduced to the soil 313 (Table 3e) . 316
As biochar effects on vegetable yield were variable, both biochar properties and soil conditions and crop species ought to 317 be taken into account comprehensively before applying biochar to a certain soil condition. 318
Here, we assessed two feedstock-derived biochar effects on GNI in typical cultivated vegetable soils across 319 mainland China. Overall, biochar amendments reduced GNI over all the soils, with the magnitude largely depending on 320 soil type. Remarkable reduction in GNI had been detected due to the efficient mitigation induced by biochar in SX and 321 HLJ (Table 3f ). However, despite enhanced vegetable yield, no significant decreases in GNI were observed in SD, 322 mainly because of the absence of mitigation effects on N 2 O, NO and NH 3 emissions of biochars (Table 3a, soils, largely due to the divergent influences on GNE and yield that Bw was superior to Bm in mitigating the GNE while 325
Bm performed better in vegetable yield (Table 3d and e). Furthermore, from our perspective, economic 326 effectiveness/feasibility, such as the net ecosystem economic budget, should be considered synchronously in intensive 327 vegetable production before large-scale biochar application. 328 329
Conclusion 330
The study demonstrated that biochar amendments generally reduced N 2 O and NO emissions without influencing the 331 NH 3 emissions, while produced no consensus influences on yield though those effects were largely both biochar-and 332 soil-specific. Additionally, biochar amendments did decrease GNI in intensive vegetable soils across mainland China. 333
Furthermore, Bw was superior to Bm in mitigating the GNE whereas the Bm performed better in crop yield throughout 334 all soils. Consequently, both soil type and biochar characteristics need to be seriously considered before large-scale 335 biochar application under certain regions of intensive vegetable production. Table 2 530 Two-way ANOVA and mean effects of biochar (Bc) and soil (S) types on cumulative gaseous nitrogen (N 2 O, NO and NH 3 ) emissions, gaseous nitrogen emission (GNE), 531 vegetable yield and gaseous nitrogen intensity (GNI) during the entire sampling period. 
534
P value: the index of differences between the control group and the experimental group. *, ** and *** indicate significance at p < 0.05, p < 0.01 and p < 0.001, respectively. 535 n.s.: not significant.
536
Data shown are means ± standard deviations of the nine replicates. See Fig. 1 Table 4 The correlations between N 2 O or NO emission and PNR or DEA in each soil. 
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